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to addressing these issues has been a lack of deep, broad bandwidth polarimetric data over large 
areas of the sky. The Square Kilometre Array will radically improve this situation via an all¬ 
sky polarisation survey that delivers both high quality polarisation imaging in combination with 
observations of 7-14 million extragalactic rotation measures. Here we summarise how this survey 
will improve our understanding of a range of astrophysical phenomena on scales from individual 
Galactic objects to the cosmic web. 
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1. Magnetism Science 

Magnetism science can be considered on a variety of scales and the origin and evolution of 
magnetic fields in the Universe is one of the great outstanding mysteries of modern astrophysics. 
We do not yet know how magnetic fields firsl arose in fhe Universe, nor if fhese fields formed via 
a lop down or bollom up process. Allhough we are aware lhal magnefic fields manifesl in a range 
of aslrophysical objecls, over vaslly differing physical scales from fhe Mpc-scale halos in galaxy 
cluslers lo sub-pc scale jef feafures in radio galaxies, we are slill speculaling as lo how Ihose fields 
are imporlanf in fhe ongoing life-cycles of fhese objecls. Additionally, underslanding magnefic 
fields and Iheir associated signafures in radialion fields is of crucial imporlance for experimenls 
lo defecl and characlerise fhe Epoch of Reionisalion, and for models of inflalion Iheory using 
B-mode polarisation of fhe cosmic microwave background radialion. The delailed properlies of 
cosmic magnefic fields are fundamenlal lo resolving fhe enduring myslery of fhe origin of ullra- 
high energy cosmic rays, and fhe Square Kilomelre Array (SKA) will provide Ihis informalion. 
Finally, wide-area surveys have fhe polenlial lo unveil fhe magnefic field of fhe cosmic web ilself. 

Allhough Ihere are several melhods for observing magnetic fields in olher parls of fhe eleclro- 
magnelic speclrum (e.g. oplical polarisalion, IR polarisalion, observalions of synchroiron emission 
in fhe oplical and X-ray) or indireclly inferring fhe presence of magnefic fields (e.g. observalions of 
magnefic Kelvin-Helmhollz or Parker inslabililies (Vikhlinin el al. 2001) or Zeeman splilfing (Ro- 
bishaw el al. 2015)), all of fhese melhods are limiled in bolh Iheir accuracy and range. Forlunalely, 
observalions in fhe radio are able lo defecl and characlerise magnefic fields lo high precision across 
much of fhe hislory of fhe Universe. 

Historically, however, if has been difficull lo underlake delailed sfudies of fhe magnetic fields 
of large numbers of objecls due lo limils in sensitivity, resolution and difficulties wilh polarisation 
calibration of Ihe currenl generation of radio telescopes. Additionally, underslanding Ihe complex 
nalure of polarised signals was difficull prior to Ihe advenl of techniques to allow us to probe 
Faraday speclra generated by rolalion measure synlhesis and to slalislically disenlangle effecls of 
Ihe line-of-sighl foregrounds. Wilh Ihe currenl generation of new or upgraded inslrumenls, along 
wilh belter analysis techniques and improvemenls in computer modelling, we are slarling to see 
an increase in Ihe type and quantity of polarisation science lhal can be underlaken. Polarisation 
surveys on currenl inslrumenls such as Ihe Polarisation Sky Survey of Ihe Universe’s Magnetism 
(POSSUM) (Gaensler el al. 2010) on ASKAP (Holan el al. 2014), Ihe polarisation analysis of 
Ihe GaFaclic and Exlragalaclic All-sky MWA (GFEAM) survey (Waylh el al. 2015) on Ihe MWA 
(Tingay el al. 2013) and Ihe Mullifrequency Snapshol Sky Survey (MSSS) (Heald el al., in prep.) 
on FOFAR (van Haarlem el al. 2013) as well as smaller experimenls on such inslrumenls (Bernard! 
el al. 2013; Jelic el al. 2014) will lay Ihe foundations for an unprecedented period of magnetism 
science. The firsl phase of Ihe SKA will lake Ihis work one step furlher providing inslrumenls wilh 
high sensitivity, large bandwidlhs and good sky coverage, moving us into Ihe "Era of Precision 
Magnetism Science 

In order to exploil Ihe vasl potential of Ihe SKA for magnetism science, Ihe grealesl priority 
for Ihe magnetism community is a polarisation survey of Ihe entire observable sky lhal provides 
bolh Ihe polarisation properties of objecls and Ihe associated rolalion measures. In facl, Ihe goal 
of conducting an all-sky polarimelric survey on Ihe Square Kilomelre Array has been a mainslay 
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for cosmic magnetism science for over a decade (Gaensler et al. 2004; Feretti & Johnston-Hollitt 
2004). The resultant rotation measure (RM) grid continues to provide a compelling observational 
target to understand both the polarised sources themselves, and as a means to statistically probe 
numerous important extended foreground sources including the Milky Way, Magellanic Clouds, 
clusters of galaxies, the lobes of giant radio galaxies, external galaxies and perhaps even the elu¬ 
sive warm-hot intergalactic medium (WHIM). A suitably dense RM grid will provide information 
along the entire line of sight which, combined with improved statistical techniques, will allow us 
to answer such outstanding science questions as: 

• What is the mechanism to generate and sustain magnetic fields in the Milky Way, Magellanic 
Clouds and other nearby galaxies? 

• How do magnetic fields influence galaxy formalion and evolufion? 

• How do magnefic fields manifesl in HII regions, supernova remnanfs, planefary nebulae and 
high velocify clouds in fhe Milky Way? 

• Over whaf scales and al whal slrenglhs are magnefic fields generated in galaxy clusters and 
how does fhis correlale wifh cluster dynamical sfale? 

• Whal is fhe large-scale slruclure of fhe magnelised Universe and can we slalislically deled 
fhe magnefic fields in fhe cosmic web? 

• Whaf is fhe evolufion of magnetic fields in inlervening galaxies and cluslers over cosmic 
time? 

Here we will explore fhe science lo be derived from a polarisation survey and fhe associaled 
RM grid on fhe Phase 1 SKA and discuss fhe survey paramelers needed lo achieve characlerisalion 
of fhe mosl scienfifically interesting objecfs. 

2. Polarisation Science 

In fhis seclion we will summarise fhe polarisalion science priorilies lhal have been idenlified 
for fhe SKA. We have grouped fhe lopics in terms of the physical scale: 

• Large scales (~Mpc): galaxy clusters and the cosmic web, 

• Intermediate scales (<kpc): the Milky Way and nearby galaxies, and 

• Small scales (kpc to pc): pulsars, masers, supernova remnants, high velocity clouds, shells 
and bubbles in the Milky Way and other galaxies. 

2.1 Galaxy Clusters and the Cosmic Web 

We know there are magnetic fields permeafing galaxy cluslers on Mpc-scales via fhe presence 
of diffuse synchroiron emission seen as eilher cenlral radio halos or peripheral radio relics, and 
via fhe slalisfical increase in rolalion measures seen Ihrough clusfer lines of sighl (Hennessy el al. 
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Figure 1: Statistical observations of RMs through galaxy clusters; left panel - observations of 22 clusters 
with 1-2 RMs per cluster, blue and black points are from Clarke et al. (2001) and red points are from 
Johnston-Hollitt & Ekers (2004). The plot includes the first observations through a radio relic showing an 
enhanced RM denoted by the two circled red points on the plot and in the inset showing their location in the 
relic (Johnston-Hollitt 2004); middle panel - observations of RMs through a single cluster. Coma (Bonafede 
et al. 2010, 2013) the region of the Coma relic is shown by dashed lines; right panel - predicted number of 
RMs through a Coma-like cluster as seen with the SKA in Phase 1 (Bonafede et al. 2015). The arrow at the 
bottom indicates the improvements to this type of work over time going from having only a statistical sample 
over many clusters 15 years ago to over 10 RMs per cluster in 2010 to finally several tens of RMs per cluster 
in the SKA era. Note the Galactic RM contribution has been estimated and removed in data presented in the 
left and middle panel using the latest results from Oppermann et al. (2012). 


1989; Kim et al. 1991; Clarke et al. 2001; Johnston-Hollitt 2003; Johnston-Hollitt & Ekers 2004; 
Bonafede et al. 2013). However, to date, we lack detailed information on the extent or filling factors 
of the magnetic fields and their relationship to or influence on the dynamical state of the cluster. 
The SKA has long been thought to be an excellent tool for improving our understanding of clusters 
using statistical RMs (Feretti & Johnston-Hollitt 2004), and more recently it has been shown to 
allow the observation of polarised filaments in cluster halos across a range of redshifts (Govoni 
et al. 2013, 2015). 

Progress in our understanding of cluster magnetic fields has been hampered by lack of de¬ 
tail regarding the contributions from foregrounds (both intrinsic and extrinsic), poor sampling of 
background sources for RM measurements (a result of lack of sensitivity) and poorly sampled po¬ 
larisation data leading to incorrect RM fits (the result of lack of bandwidth). Progress to statistically 
sample cluster magnetic fields via the use of RMs of background sources has been slow but steady. 
We have moved from having to amass statistical values over a number of clusters in which there 
are only 1-2 measurements per cluster (Clarke et al. 2001; Johnston-Hollitt & Ekers 2004) to being 
able to easily detect several sources in an individual cluster (Bonafede et al. 2013). Predictions for 
SKAl show we will have several tens to a few hundreds of background sources to probe clusters up 
to a redshift of O.l'. Additionally, we will be able to conduct statistical studies with 1-2 RMs per 

'Assuming a 1 Mpc radius and extrapolating the current polarised source counts to 4 pjy (Rudnick & Owen 2014; 
Hales et al. 2014; Stil et al. 2014) gives 60-115 RMs per cluster at z=0.05 and 15-30 at z=0.1, very large, nearby clusters 
like A3266 would have 180-360 background RMs. 
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Figure 2: Schematic of a nearby galaxy cluster showing X-ray emission in purple, an extended radio source 
in pink, and unresolved radio sources in white if unpolarised and gold if polarised. Different path lengths 
to polarised sources are marked including unresolved background radio galaxies (dashed lines), unresolved 
embedded sources (dot-dashed lines) and extended embedded sources such as large tailed radio galaxies, the 
lobes of which are polarised and can be used as screen to examine the cluster magnetic held (solid lines). 
The wealth of sources located at different locations within the ICM will allow the hrst Faraday tomography 
of the magnetic held in galaxy clusters. 

cluster out to a redshift of 0.5, this is important to understand the way magnetic fields grow in the 
intracluster medium (ICM). The vast increase in the number of RMs available in the outskirts of 
clusters will also allow measurements through magnetic fields in fhe clusfer relics fhaf are fhoughf 
fo be generated by shocks. Observations have shown relics fo have highly aligned magnefic fields 
running perpendicular fo fhe direcfion of shock propagation. To dafe only observafions fhrough fhe 
NW relic in A3667 have shown an increase in RM (Johnsfon-Holliff 2004), buf simulations pre- 
dicf such enhancemenfs will be readily defecfable, particularly wifh SKA2 (Bonafede el al. 2015). 
Observafions of relic RMs combined wifh RMs of sources seen in projecfion fhrough relics will 
greafly assisf in disenfangling fhe shock geomefry and allow fhe firsl sfafisfical samples of fhe mag¬ 
netic fields in shocks fo be consfrucfed. Figure 1 provides a schemafic fo illusfrale fhe improvemenf 
in background RMs seen fhrough clusfer magnefic fields commencing in 2000 and going fhrough 
fo fhe expecled SKA levels in 2020. By allowing defailed measuremenfs of fhe magnetic field 
sfrengfh and disfribufion of individual galaxy clusfers, fhe door is opened fo examine changes in 
fhe magnefic field as a funcfion of ofher clusfer properties such as X-ray luminosily/mass, dynami¬ 
cal sfafe and imporfanfly will allow us fo determine fhe radial profile of fhe field and ifs connection 
fo fhe gas densify. 
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For nearby galaxy clusters (z < 0.1) we will have sufficient sources in both the background 
and embedded within the ICM to perform Faraday tomography of the magnetic field of fhe cluster. 
In parficular, we will have a hosf of background sources, embedded poinf sources and embedded 
exfended sources such as failed radio galaxies wifh which fo probe differenl pafh lengfhs fhrough 
fhe ICM (see Figure 2). The use of embedded clusfer sources fo probe fhe magnetic field has 
already occurred in a few isolated examples (Guideffi el al. 2008; Pizzo el al. 2011; Prafley el al. 
2013), bul fo dale we have been unable fo underlake fhe defailed lomographic sludies fhe SKA 
will allow. In facl, nol only will fhe SKA allow Faraday lomography of fhe field via fhe use of a 
large number of sources as probes fo fhe clusfer RM, fhe resolved slruclures in some failed radio 
galaxies such as fhe so-called ‘corkscrew’ radio galaxies could pofenlially provide informalion on 
fhe magnetic field in clusters over very small scales (Johnslon-Hollilf el al. 2015a,b). 

Moving away from slalislical sludies, fhe SKA will also allow defailed mapping of fhe mag¬ 
netic fields associated wifh clusfer relics and pofenlially even halos which are expecled fo be de¬ 
tected in large numbers (Cassano el al. 2015). Whilsl we have seen polarised filamenlary slrucfure 
in only Iwo clusfer halos (Govoni el al. 2005; Bonafede el al. 2009), we expecl fhe SKA, and in 
particular SKA2, fo have sufficienl sensilivily fo image such slruclures (Govoni el al. 2013, 2015), 
pofenlially al a range of redshifls^. This provides fhe exciling possibility fo measure fhe evolution 
of cenlral cluster fields as a funclion of lime, examining variables such as changing slrenglh, degree 
of order, lurbulence scales and power speclra. Magnetic fields in galaxy clusters are fhoughf fo be 
furbulenl and Ihus will produce characlerisfic Faraday deplh speclra observable wifh sufficienlly 
high resolution in Faraday deplh space, using fhe SKA an examinalion of cluslers will Ihus be able 
fo disenlangle differenl speclral templates alfacking queslions aboul field geomelries, in parficular 
queslions surrounding fhe exislence of asymmelry and vertical componenls fo fhe field. 

Looking on fhe largesl scales, one of fhe mosl exciting challenges for fhe SKA is fo discover 
and characlerize fhe WHIM in fhe cosmic web, which is fhe Iasi, major unproven piece predicled 
by slandard inflalionary cosmology. Since if is likely lhal fhe inlergalaclic magnelic field (IGMF) 
permeates fhe WHIM in fhe cosmic web (Ryu el al. 2012), in fhe coming decades fhe SKA will 
be fhe mosl promising facilily fo discover and characlerize such fields. Direcl imaging of fhe 
cosmic web has been shown fo finally be a possibilify wifh SKAl (Vazza el al. 2015; Giovannini 
el al. 2015) and il will also be possible lo measure Ihe dispersion measure (DM) of Ihe WHIM 
via fasl radio bursls (Macquarl el al. 2015), however, we also expecl lo delecl Ihe slalislical RM 
signal (Taylor el al. 2015). Previous allempls lo delecl Ihe slalislical RM have been diflicull due 
lo foreground conlaminalion (Schnilzeler 2010; Xu & Han 2014), bul Ihe dense RM grid oblained 
wilh Ihe SKA dramatically improves Ihe ability lo accounl for intervening foregrounds and Ihe 
broad bandwidlhs of Ihe telescope provide an opporlunily lo selecl sources passing Ihrough Ihe 
WHIM (Akahori el al. 2014b) based on Faraday depolarisation and Faraday lomography (Gaensler 
el al. 2015). The detection of Ihe IGMF and Ihe resullanl comparison wilh Iheorelical predictions 
(Akahori el al. 2014a) will be a breaklhrough in our underslanding of Ihe way in which magnetic 
fields assemble on large-scales in Ihe Universe. 

^The ability to detect polarised emission in filaments is a function of the resolution and sensitivity, for SKAl we 
expect to be able to see polarisation from only the most luminous radio halos (Li 4 > 3 X 10^5 W/Hz), while SKA2 will 
be able to achieve similar results for intermediate brightness halos (Lj 4 > 2 X lO^"* W/Hz) see Govoni et al. (2015) for 
further details. 
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Figure 3: Top projection: The RM sky in Galactic coordinates as interpolated from ~1000 extragalactic 
RMs over a decade ago (Johnston-Hollitt 2003; Johnston-Hollitt et al. 2004). Middle projection: The RM 
Sky as determined from more sophisticated signal processing methods for ^40,000 extragalactic RMs (Op- 
permann et al. 2012, 2015). Note that the large-scale features of the field are largely unchanged between 
the top and middle panel, but the small scale information regarding the magnetic field of the Milky Way is 
greatly improved with a higher density of RMs. The bottom panel denotes that an all sky RM survey on 
SKA phase 1 with a sensitivity of 4 /rJy/beam at 2" resolution should provide 7-14 million extragalactic 
RMs with which to probe the RM sky. Red colour scales denote positive RMs and magnetic fields coming 
out of the plane of the sky, whilst blue colours denote negative RMs and fields going into the plane of the 
sky. 


For further information see the following chapters in the 2015 SKA Science Case: Bonafede 
et al. (2015); Cassano et al. (2015); Gaensler et al. (2015); Giovannini et al. (2015); Govoni et al. 
(2015); Johnston-Hollitt et al. (2015a); Macquart et al. (2015); Taylor et al. (2015); Vacca et al. 
(2015); Vazza et al. (2015). 

2.2 Magnetic Field of the Milky Way 

Mapping the magnetic field of the Milky Way has been steadily improving over the last decade. 
The use of extragalactic background sources, embedded pulsars and observations of the diffuse 
synchrotron emission in polarisation surveys (Reich et al. 2004; Haverkorn et al. 2006; Stutz et al. 
2014) have all played important roles in examining the large-scale magnetic field of our Galaxy 
(Stil et al. 2011; Oppermann et al. 2012). Such work continues to reveal surprising and previously 
unknown features such as giant magnetised outflows (Carretti et al. 2013), and has permitted map¬ 
ping of the magnetic field in a range of discrete Galactic objects (McClure-Griffiths et al. 2010; 
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Harvey-Smith et al. 2011; Purcell et al. 2015) and given the first information on the Mach number 
of Galactic turbulence (Hill et al. 2008; Gaensler et al. 2011). Despite these advances, many ques¬ 
tions as to the exact field configuralion remain, including confroversy surrounding fhe direcfion of 
fhe large-scale regular field in fhe spiral arms, defails of fhe field in fhe Galacfic cenfre and infor- 
mafion on fhe power specfrum of fhe furbulenf field. The SKA will resolve many of fhese quesfions 
and allow fhe firsl reconsfrucfion of fhe 3D field via defailed Faraday fomography using exfernal 
and embedded sources. 

The leap forward fhaf SKA will provide in our affempfs fo reconsfrucf fhe magnetic field of 
fhe Milky Way cannof be oversfafed. In fhe lasf decade, we have moved from inifial affempfs fo 
reconsfrucf fhe large-scale field using only ~1000 RMs gafhered from inhomogeneous observafions 
combined wifh relafively simple interpolation (Johnsfon-Holliff ef al. 2004) fo having access fo 
~40,000 RMs (Taylor el al. 2009) and advanced sfafislical techniques (Oppermann el al. 2012, 
2015). Improving fhe sampling rale by a factor of 40 fo fhe level of 1 source per square degree 
has facililafed a Iremendous leap forward for Galactic magnelism (see Figure 3), fhe phase 1 SKA 
will furlher improve fhe sampling rale by over Iwo orders of magnilude, providing an aslounding 
7-14 million discrete RMs al a sampling rale of approximalely 230 fo 450 sources per square 
degree. Additionally, SKAl is expected to increase fhe number of Galacfic pulsars by a faclor of 5 
(Keane el al. 2015) faking fhe lolal fo roughly 10,000. Parallax measuremenls will provide accurate 
dislances to a large number of pulsars dislribuled Ihrough fhe Galaxy (Smils ef al. 2011; Keane el al. 
2015; Janssen el al. 2015). As wifh observations of nearby galaxy clusters, combining fhe rolalion 
measure informalion from exlragalaclic background sources and embedded pulsars al precisely 
known locations will allow an unprecedented 3D reconsfrucfion of fhe magnetic field of fhe Milky 
Way and will resolve uncerlainlies around field reversals in fhe spiral arms and complexify in 
fhe field configuralion in fhe Galacfic Cenfre as well as provide defailed conslrainls on fhe power 
specfrum of fhe Galacfic magnelic field (Haverkorn el al. 2015; Han el al. 2015). 

For further information see the following chapters in the 2015 SKA Science Case: Haverkorn 
et al. (2015); Han et al. (2015). 

2.3 Magnetic Fields on kpc to pc star forming scales 

As noted above, the currently available extragalactic RMs have a density of roughly 1 source 
per square degree which has been sufficient to obtain information on the magnetic fields in a host 
of Galactic objects including supernova remnants, Hll regions, high velocity clouds, star forming 
regions and shells and bubbles in the Milky Way. As we move to sampling at a rate of approxi¬ 
mately 230 to 450 sources per square degree we have the opportunity to probe a huge number of 
discrete Galactic objects on kpc to pc scales in both the Milky Way and the Magellanic Clouds (see 
Haverkorn et al. (2015) for further details). Theoretical models suggest that magnetic fields play a 
vital role in the evolution of dense molecular clouds and the associated star formation within them, 
this is supported by the extraordinarily close radio-lR correlation observed locally within galaxies 
(Tabatabaei et al. 2013). The generation of small-scale magnetic fields by supernova-induced tur¬ 
bulence is one possible scenario to explain this correlation, or it may be that a more fundamental 
relation exists between magnetic fields and molecular gas. Investigating these relations both within 
the Milky Way and nearby galaxies is crucial to understanding the role of magnetic fields in the 
structure formation of the molecular interstellar medium (ISM), and in particular, the formation of 



Using Rotation Measures to Reveal the Mysteries of the Magnetised Universe Melanie Johnston-Hollitt 



Figure 4: Examples of information that the proposed polarisation survey will provide on the magnetic field 
of nearby galaxies using different techniques. Top left: Rotation measure values overlaid with polarisation 
vectors for NGC 6946 (Heald 2012). Top middle: Magnetic field lines from synchrotron polarisation obser¬ 
vations overlaid on an optical image of IC342 (Beck 2015b). Top right: rotation measures associated with 
NGC 6946 (Beck 2007). Bottom left: Total radio emission and magnetic field vectors of the edge-on galaxy 
NGC 891 overlaid on the optical image from CFHT (Krause 2009). Bottom middle: Contours of the strength 
of Faraday dispersion for NGC 6946 overlaid on Ha emission (Williams et al. in prep). Bottom right: Ex- 
tragalactic rotation measures seen in projection through the Farge Magellanic Cloud (Gaensler et al. 2005). 
Note the colour scales of some images have been altered from the original to better highlight features. 


giant molecular clouds that are the cradles of massive star formation. Observations of the in-situ 
synchrotron radiation emitted by dense molecular clouds is also a possibility with SKA (Dickinson 
et al. 2015) and imaging the polarised emission from such clouds will provide constraints on the 
internal magnetic fields and their distribution in these clouds, which will be crucial to addressing 
questions regarding the effect of magnetic fields in sfar formalion. 

For further information see the following chapters in the 2015 SKA Science Case: Dickinson 
et al. (2015); Haverkom et al. (2015). 

2.4 Magnetic Fields in Nearby Galaxies 

Ordered magnetic fields of spiral shape are observed in all spiral galaxies and even in floccu- 
lenf galaxies wifhouf a spiral paffern in fhe gas (Beck 2015a). Ordered magnefic fields are generally 
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strongest in the regions between the material spiral arms, in some cases forming “magnetic arms” 
with exceptionally high degrees of polarisation (Beck & Hoernes 1996). Although models of large- 
scale (mean-field) dynamos can basically explain these phenomena (Chamandy et al. 2015; Moss 
et al. 2015), the physics of galactic dynamos is still far from being understood. Present-day MHD 
models (including dynamo action) can achieve resolutions of the physically relevant scale of turbu¬ 
lence of a few tens of pc within kpc-size boxes of the ISM (Gent et al. 2013). Global MHD models 
including gravitational instabilities like bars and spiral arms, and MHD models of galaxy evolution 
are still to come. 

In contrast with simplistic models, real galaxies have complex field pafferns fhaf can be de¬ 
scribed by a power specfrum of Fourier modes imprinfed in Faraday rofafion measures. Field 
reversals, densify waves, bars and mergers also leave specific signafures in fhe power specfrum 
which SKA will be sensifive fo. Field reversals befween spiral arms on scales of several kpc, like 
fhaf observed in fhe Milky Way, have nol been defecfed in external galaxies so far. Such reversals 
could be presenf as relics from fhe early epoch of galaxy evolufion, or friggered by a major merger. 
The number and exfenf of field reversals may provide new insighf info fhe history of galaxies. RM 
dafa wifh high spafial resolufion (less fhan abouf 100 pc) are required for a sysfemafic invesfigafion 
of fhese phenomena. 

The formafion of spiral arms is anofher area where fhe role of magnefic fields is an open 
quesfion. Densify waves including magnetic fields have fwo modes of propagation (Lou & Fan 
1998). In fhe fasl MHD mode, magnefic field waves fhaf are in-phase wifh fhe gas waves may 
sfabilize spiral arms. The oul-of-phase magnefic fields of slow MHD waves may become unsfable 
and develop into Parker loops which can be observed via azimufhally periodic variafions in Faraday 
rofafion measures (Beck 2015b). 

High-resolulion polarisafion images of nearby galaxies are needed fo sfudy and undersfand fhe 
physics of large- and infermediafe-scale infersfellar magnefic fields, supplementing observafions of 
local small-scale magnefic fields in fhe Milky Way. There are fhree basic fechniques fhaf we can 
employ fo explore fhe magnetic field in nearby galaxies. 

The firsl and mosf slraighlforward approach is direcf imaging of fhe polarised synchroiron 
emission emitted by a galaxy fo reveal fhe feafures in fhe large-scale ordered fields in fhe plane 
of fhe sky, preferably af high frequencies (above 3 GHz) where fhe angular resolufion is highesl 
and fhe effecls of Faraday rofafion and depolarisation are sufficienlly small to observe fhe field’s 
infrinsic orienfafion and degree of order. 

A complemenfary approach al somewhal lower frequencies is to investigate fhe polarised emis¬ 
sion and ils variation across a wide frequency band. The resulting Faraday rofafion measure and 
frequency-dependenf depolarisafion can be used fo examine fhe delailed internal slruclure of fhe 
magneloionic medium, bolh across fhe galaxy and along fhe line-of-sighl via Faraday lomogra- 
phy (Heald ef al. 2015). Delails fhaf can be sludied include fhe coherence lenglh of fhe line-of 
sighl magnefic field, fhe large-scale Ihree-dimensional magnefic field slruclure including fhe verli- 
cal slruclure of magnefic fields and fhe properties and dynamical impacl of magnetic fields in fhe 
disk-halo inlerface of slar forming galaxies. To achieve excellenl resolution in Faraday deplh, we 
require a wide coverage in i.e. wide frequency coverage in a lower frequency band (such as 
proposed for fhe polarimelric sky survey). 

Finally, as wifh fhe Milky Way, we can use fhe RMs of polarised background galaxies fo oblain 
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information about the magnetic field in the foreground galaxy, averaged along the line-of-sight (the 
“RM grid” approach). Because this method does not depend on the occurrence of synchrotron- 
emitting cosmic-ray electrons (CREs) in the foreground galaxy, it can also be exploited to detect 
and study magnetic fields in fhe outer regions of galaxies where CREs cannof reach, providing 
comprehensive information abouf fhe exfenf fo which magnetic fields are expelled by oulflows af 
fhese large radii. 

Eigure 4 provides examples of each fechnique. These mefhods are highly complemenfary 
and provide us wifh fhe unique opporfunify fo beffer undersfand fhe magnefic field in a range of 
galaxies. SKA will permif observations of nearby galaxies using fhese fechniques af kpc resolution 
ouf fo a redshifl of af leasf 0.025, providing a comprehensive sample of all galaxy field geomefries 
in fhe local volume. 

For further information see the following chapters in the 2015 SKA Science Case: Beck et al. 
(2015); Heald et al. (2015). 

2.5 Magnetic Fields in Active Galactic Nuclei and the Faint Polarised Sky 

The lobes and jets of Active Galactic Nuclei (AGN) are rich laboratories to investigate a range 
of phenomena associated with magnetised plasmas. The polarisation survey on SKAl will image 
and provide RMs for a vast number of AGN across cosmic time allowing a diverse set of studies 
including direct imaging of the magnetised lobes and jets of nearby galaxies, examination of the 
rotation measure structure (Guidetti et al. 2008, 2012; O’Sullivan et al. 2013) and depolarisation 
characteristics (Eomalont et al. 1989) across such lobes, use of the lobes themselves as Faraday 
screens to investigate their local environment, and use of background galaxies to probe structure 
within the lobes (Feain et al. 2009). Maps such as the spectacular image of Fornax A shown 
in Figure 5, which shows the rich depolarisation structure evident across the radio lobes, will be 
possible for all nearby radio galaxies. Such data allow exploration of structure within the lobes 
themselves and detection of local depolarising screens (e.g. the ‘ant’ in the western lobe of Fornax). 
A census of such emission as a function of cosmic time will provide constrains on the environment 
surrounding these sources (Gaensler et al. 2015; Taylor et al. 2015). 

The SKA will enable observations an order of magnitude deeper than current instruments and 
the observations will be carried out over a large enough area of the sky to provide a statistical 
overview of the magnetic properties of the faint radio source population. Deep imaging with SKAl 
will probe the polarised properties of normal galaxies to high redshifts allowing us to monitor their 
evolution of these properties over cosmic time and to investigate when magnetic fields in galaxies 
first emerged and how quickly they were amplified. A deep survey capable of probing star forming 
galaxies over a wide range of redshifts will capture the population in different stages of evolution. 
In particular, we will observe galaxies as they convert gas to stars, a process which is believed to 
be strongly tied to their magnetic properties. 

Additionally, examining the polarisation properties of active galaxies over cosmic time pro¬ 
vides a powerful tool to constrain jet magneto hydrodynamic and emission models. Deep SKA 
surveys will thus present the first opportunity to address the longstanding problem of the compo¬ 
sition of AGN jets, and their plasma acceleration using large, well designed samples. With such a 
survey we will be in the ideal position to finally understand the effect of increasing fractional po¬ 
larisation with decreasing flux density/observational frequency, an effect that suggests there must 
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Figure 5: Fornax A shown here in a hue-intensity plot in which flux is represented by intensity and frac¬ 
tional polarisation is represented as hue with regions of high depolarisation appearing red. The depolarisation 
structures presented here result from a range of phenomena including internal depolarisation in the lobes, 
depolarisation due to foreground gas (e.g. the ‘ant’ in the western lobe) or intervening galaxies and instru¬ 
mental beam depolarisation (Fomalont et al. 1989). SKAl will routinely produce information across the 
resolved lobes of radio galaxies. 


be either changes in the internal source field structure or their Faraday screens, likely related to the 
immediate environment of the galaxy. Furthermore, deep SKA surveys will probe the AGN popula¬ 
tion to redshifts of up to 10, capturing these sources at a time when the interstellar and intergalactic 
media were considerably denser than the present day. Observing these frustrated sources as they 
attempt to break out of their host galaxies provides an exciting and potentially unique opportunity 
to probe not only the magnetic fields, but also the surrounding intergalactic medium (Gaensler et al. 
2015; Taylor et al. 2015). 

Finally, although we will get the first hints of the magnetic field in the cosmic web through 
the wide-held polarisation survey, the challenging nature of detecting such faint RMs will be most 
appropriately ameliorated via a deep survey at high Galactic latitudes, away from galaxy clusters 
(Taylor et al. 2015). 

Even with the sensitivity and depth of the SKA there will be a signiflcant population of objects 
for which no polarisation signal is detected. Recent work on the faint polarised source population 
has shown that information can still be obtained on the polarisation properties of these faint sources 
via stacking analysis (Stil et al. 2014). In the context of the SKA stacking provides an extension 
to the results of deep surveys, particularly regarding understanding the fractional polarisation as a 
function of redshift and as a means to investigate the polarisation luminosity function (Stil & Keller 
2015). 

For further information see the following chapters in the 2015 SKA Science Case: Agudo et al. 
(2015); Gaensler et al. (2015); Laing (2015); Peng et al. (2015); Stil & Keller (2015); Taylor et al. 
(2015). 
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2.6 Other Magnetism Science 

Although the wide-area polarisation survey and the assoeiated RM grid experiment eover a 
great deal of magnetism seienee, there are other important magnetism topies whieh are worth elab¬ 
orating on here. Studies of the Zeeman effeet in both emission and absorption towards atomie and 
moleeular elouds in the Milky Way with SKAl will provide information on the magnetie field in 
the warm and eold, neutral eomponents of the Galaxy while Zeeman observations of OH masers 
provide information on large-seale galaetie fields (Robishaw el al. 2015). Thus all Zeeman ob¬ 
servations will be highly eomplemenlary lo fhe exlensive Faraday rolalion measure observations. 
Looking forward lo SKA2 sueh work eould polenfially be exfended lo nearby galaxies and in par- 
lieular observations of megamasers are expeeled lo extend oul lo z = 1. 

Finally, one inlriguing possibility is lo use Ihe SKA lo probe Ihe nalure of dark mailer in eosmic 
slruelures, from dwarf galaxies lo galaxy eluslers. Under Ihe assumption lhal dark mailer annihila¬ 
tion produees an observable eomponenl lo Ihe synehrolron emission deleeled in elusler and galaxy 
halos on lop of lhal generated from eosmie rays and slar formation, we should deleel low-level 
polarised emission assoeiated wilh Ihese slruelures. This is espeeially Ihe ease for (sub-)slruelures 
wilh low slar formation aelivily or eosmie ray density. Sludying Ihe magnetie fields in eluslers and 
galaxies is Iherefore erueial lo disenlangling Ihe dark mailer parliele density from Ihe magnetie 
energy density lhal is eonlribuling lo Ihe predieted annihilalion-indueed synehrolron emission. The 
RM grid experimenl will be unique in Ihese respeels being able lo provide simullaneous measure¬ 
ment of Ihe magnetie field while pulling eonslrainls on Ihe pulalive annihilation-generated radio 
halo emission (Colafraneeseo el al. 2015). 

For further information see the following chapters in the 2015 SKA Science Case: Colafraneeseo 
et al. (2015); Robishaw et al. (2015). 

3. Polarisation Surveys 

In order lo eapilalise on Ihe immense opporlunily Ihe SKA provides for magnetism seienee 
il is vilal lhal a polarisation survey over Ihe entire aeeessible sky al 950-1760 MHz (Ihe so-ealled 
SKAl-MID band 2) is underlaken down lo a sensitivity of 4 /rJy/beam. This survey musl provide 
nol only full polarisation imaging al 2" resolution, bul also deliver Ihe RM ealalogue of Ihe expeeled 
7-14 million diserele exlragalaelie sourees, or provide suflieienlly ealibraled dala for Ihese RMs lo 
be determined in posl-proeessing. Sueh a survey will be a powerful legaey dalasel wilh whieh lo 
underlake an extensive range of high impael seienee ineluding Ihe RM grid experimenl, imaging of 
Ihe magnetie field of all nearby galaxies wilhin 100 Mpe radius, delailed mapping of Ihe magnetie 
field slruelure in elusler relies and possibly halos, and finally Ihe survey will probe Ihe magnetie 
field in a range of aslrophysieal objeels from Ihe jels and lobes of radio galaxies lo supernova 
remnanls. This survey will Ihus advanee a greal deal of progress in a broad range of seienee eases 
and is Ihe highesl seienee priority of Ihe SKA magnetism eommunily. We estimate lhal Ihe survey 
will require 2.5 years of observing time (inelusive of ealibralion overheads) on Ihe SKAl-MID 
inslrumenl in Soulh Afriea. This will produee a legaey survey of vasl seienlifie potential, nol 
only for magnetism, bul for a hosl of high-priority eonlinuum seienee (see Prandoni & Seymour 
(2015) for furlher delails). The polarisation survey is well suited lo be underlaken in a eommensal 
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mode with the survey proposed by the SKA Continuum working group and with the Galactic HI 
absorption grid experiment. Additionally, there is strong synergy between the observations of 
nearby galaxies that will be undertaken as a matter of course in the wide-area polarisation and 
continuum survey, and the spectral line observations of nearby galaxies that will also be performed 
by the HI group. Comparisons of the polarisation, continuum and HI data for nearby galaxies 
is pertinent to understanding the physical connections between gas, star formation, and magnetic 
fields. 

Additionally, we propose a series of smaller, deeper surveys to examine the polarisation prop¬ 
erties in the very faint galaxy population and to allow an expansion of the accessible range over 
which we can probe the evolution of magnetism in different classes of objects. The first of these 
surveys would be a high Galactic latitude survey of order 10 square degrees from 950-1760 MHz. 
Ideally such a survey would reach a depth of 75 nJy/beam at 2" resolution and would allow the first 
statistically significant investigation of the faint polarised sky (see Section 2.5 for further details). 
The definition of other deep survey areas will be the subject of future discussions. Finally, we note 
that all continuum observations on the SKA will provide useful polarisation information and we 
would encourage the SKA to provide full polarisation products, including RMs for all observations. 

Looking forward to SKA2 we will have even greater sensitivity, resolution and potentially 
larger bandwidths, all of which will allow another leap forward for magnetism science. We will 
continue to enhance the density of sources on the RM grid, sampling at least 40 million radio 
sources allowing an even finer level of defail wifh which fo resolve magnetic fields in a diverse 
range of objecfs. The higher spafial resolufion will fake us info a resolufion regime which is cur- 
renfly only accessible wifh VLBI, buf unlike presenf day VLBI will nof be resfricfed fo brighf, 
compacf objecfs. This will be an almosf unimaginable change in radio asfronomy allowing for un- 
precedenfed imaging of jefs of AGN, magnefic fields in nearby galaxies, and defecfion and imaging 
of fhe polarised componenf of radio halos ouf fo redshiffs close fo 2 when fhe firsf clusfers were 
formed. Addifionally, we will delve deeper info fhe history of fhe Universe in our quesf fo resolve 
fhe overarching quesfions of where, when and how magnefic fields arose in fhe Universe. 

4. Summary 

Fufure wide-area radio surveys via instrumenfs such as SKAl will provide very sensifive and 
yef observafionally affordable ways fo explore a wide range of science goals, including fhose asso¬ 
ciated wifh fhe defecfion and characferisafion of magnefic fields over a range of scales. The planned 
polarisation survey on SKAl and ifs associafed RM grid will give fransformalional science for al¬ 
mosf every class of asfronomical objecf. Wifh fhis survey we will underlake a complete census of 
magnefic properties in normal galaxies and AGN as a funclion of cosmic lime, probe fhe delailed 
physics of magnelised plasmas in bolh fhe jefs of AGN and fhe cores of galaxy clusters, and mea¬ 
sure RM enhancemenls in shock-driven relics ouf to a redshifl of 0.5. We will conducf Faraday 
tomography on fhe magnetic fields in clusfers, nearby galaxies and fhe Milky Way in aslounding 
delail placing limifs on fhe exlenl, lurbulence and radial profile of Ihese fields. Addifionally, we 
will undertake fhe firsl analysis of fhe evolulion of magnefic fields in a hosl of objecfs and de¬ 
termine Iheir conneclion fo olher physical paramefers. We will elucidale properties of fhe medium 
surrounding AGN polenlially fo redshifl 10 and unveil fhe firsl polarisation speclral energy dislribu- 
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tions. Furthermore, the phase 1 SKA will plaee tight eonstraints on the magneto-ionie turbulenee in 
our Galaxy, nearby galaxies and perhaps even make the first deteetion of the magnetie eomponent 
of the eosmie web itself. 

In eonelusion, the SKA’s sensitivity, bandwidths and field of view will provide a transfor¬ 
mational eapability with whieh to explore magnetie fields. The immensely rieh polarimetrie data 
provided by the SKA will allow us to finally address fundamental questions relating to the original, 
evolution and inlluenee of eosmie magnetie fields on all seales in the Universe, and will mark the 
start of the "Era of Precision Magnetism Science". 
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